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ABSTRACT:
Developmental dysplasia of the hip (DDH) refers to a group of disorders, ranging from
slight instability (Grades 1-3) to a severe dislocation (Grade 4) of the femoral head from the
acetabulum [1]. In order to treat DDH in infants, a reduction procedure and the use of a lower
body harness to secure the hip joint as the bones and ligaments re-form properly is typically
prescribed. The Pavlik Harness is currently the “gold-standard” orthopedic device used to place
hips in proper positioning. However, little research has been reported on the biomechanical
affects during use of these device types.
Although the Pavlik Harness is successful, placing infants in a full lower body brace or
cast is unfavorable for caregivers. One possible alternative to these cumbersome devices is
babywearing, the act of carrying an infant with the aid of a device worn by the caregiver, which
is hypothesized to place infant hips in similar “M-positioning”. To understand and test this
theory, the muscle biomechanics, muscle exertion, and muscle development of common infant
positions, movement data (via Vicon Cameras) and muscle activity (via surface EMG) of the
infants was captured during five 30-second collection conditions: in a Pavlik Harness, in a Rhino
Cruiser, held in an inward-facing soft-structured baby carrier (Boba, Inc., Boulder, CO, USA),
held in arms, and in a standard car seat.
The results of this study support the fact that proper babywearing does not produce
significantly different muscle activation when compared to the Pavlik Harness. Therefore,
appropriate babywearing may promote positive hip development.
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BACKGROUND:
The hip is a ball and socket joint, with the head of the femur fitting into the acetabulum
of the pelvis. Developmental dysplasia of the hip (DDH) refers to a group of disorders, ranging
from slight instability (Grades 1-3) to a severe dislocation (Grade 4) of the femoral head from the
acetabulum [1]. All infants with developmental hip dysplasia (DDH) have shallow hip joints;
therefore, the hip can easily slide in and out of the socket. Potential causes of DDH include
underdeveloped hip ligaments and abnormally shaped femoral bones.

Figure 1.Compares the locations of the femur head for a normal (left) and dislocated
(right) hip [2]
Both deformations require a reduction procedure and the use of a lower body harness to
secure the hip joint as the bones and ligaments re-form properly. Current devices used to treat
hip dysplasia leave the child in a cumbersome lower body orthopaedic apparatus for a minimum
of six weeks, creating physical and emotional burdens on the patient and caregiver.
The goal of orthopedic research is to improve the quality of life for medical patients
through observation of human biomechanics. To design a biomedical orthopedic device that
3

assists in the musculoskeletal maturation of infants, it is important to understand the underlying
mechanism, function, and anatomy of each muscle of interest. Previously published research
supports the fact that children carried around in baby-wearing devices are placed in favorable
circumstances for optimal emotional growth [3]. However, there is little research evidence to
support the physical benefits of baby wearing. This research experiment aims to discover optimal
circumstances for infant muscle development through the use of surface electromyography
(EMG) and hip angle positing.
Methods on how to best provide acceptable childcare are constantly being adapted as new
research findings are being brought to light. In 1992, with the rise of the Back-to-Sleep
campaign, it was recommended that infants be placed to sleep in the supine position to reduce
the risk of Sudden Infant Death Syndrome (SIDS) [1]. As a result of this movement, babies are
spending an increased amount of their time lying on their backs. In addition, modern day babies
are often placed in containers with limited mobility such as car seats, strollers, swings, or baby
seats. These devises increase the amount of time spent supine, the incidence of plagiocephaly,
and the development of motor delays [4-8]. In order to combat the musculoskeletal effects of the
Back-to-Sleep and Container-Baby era, doctors recommend babies have at least 20 minutes of
“tummy time” per day. However, many parents do not comply with the guideline, resulting in a
limited opportunity of critical musculoskeletal development for the infant.
Previous research conducted by Dr. Erin Mannen used surface EMG to record the muscle
activity of bilateral cervical paraspinal and erector spinae muscles during five infant positions:
laying prone, laying supine, placed in a baby carrier, held in arms, and in a car seat [9].
Mannen’s research provides strong evidence that prone positioning is favorable for healthy
muscle development of the spine and neck as demonstrated in Figure 1. This research study aims
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to extrapolate the findings and methods of the “Neck and Back Muscle Activity of Infants in
Common Positions” to the hip joint.

Figure 1. Mean erector spinae (left) and cervical paraspinal (right) EMG, normalized to
prone position.
Delayed recognition of DDH is one of the most common causes of disability among
children [3]. Around 90% of patients born with hip instability who contract Developmental Hip
Dysplasia improve their condition overtime without any interventions [3]. In the 10% of patients
where DDH does not resolve on its own, infants are typically prescribed an orthopaedic brace to
reduce the hip by holding the ball portion of the joint firmly in the socket for several months [9].
The most commonly used orthopaedic devices for reducing hip joints are the Pavlik Harness and
the Rhino Cruiser. In infants with DDH grades 1-3, the Pavlik harness is the gold-standard of
care and reduces hips with an 80-92% success rate [10]. Computational models have shown the
positive impact of active adductor muscles on reducing DDH grades 1-3 when hips are placed in
the optimal 90° flexion and 80° abduction position within the Pavlik harness [11]. Despite the
success of the Pavlik harness, such restrictive devices are often uncomfortable for infants and
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problematic for parents to comply with as they require 24 hour/day usage for up to 10 weeks.
Babywearing is the act of carrying an infant with the aid of a device worn by the caregiver.
When practiced properly, babywearing often places infant hips in a flexed abducted
position (known as M positioning, shown in Figure 2) similar to positions attained by wearing
the prescribed orthopaedic devices.

Figure 2. Demonstrates the proper M-positioning Baby-wearing technique [12]
Furthermore, early detection of DDH leads to better prognosis with nonsurgical
intervention, and recent evidence indicates that appropriate babywearing may prevent DDH
[3,13]. However, no studies have evaluated the biomechanics of infants and their hips within
these devices. The purpose of this study was to measure the lower-extremity muscle activity and
hip positions of infants in a Pavlik harness, and in an inward-facing soft-structured baby carrier.

6

MATERIALS AND METHODS:
Aim- To understand the muscle biomechanics, muscle exertion, and muscle development of
common infant positions to prevent musculoskeletal growth problems.
Twenty-one healthy full-term infants with no orthopaedic or neurological problems
(4.1±1.5 months, 12M, 9F) were enrolled in the IRB-approved study. Subjects were required to
complete a thorough medical history and physical examination prior to selection for the study.
Movement data and muscle activity of the infants was captured during five 30-second collection
conditions: in a Pavlik Harness, in a Rhino Cruiser, held in an inward-facing soft-structured baby
carrier (Boba, Inc., Boulder, CO, USA), held in arms, and in a standard car seat.
A)

B)

C)

D)

E)

Figure 3. The five positions of the collection conditions: A) in a Pavlik Harness, B) in a
Rhino Cruiser, C) held in an inward-facing soft-structured baby carrier (Boba, Inc.,
Boulder, CO, USA), D) held in arms, and E) in a standard car seat [14]
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Having access to three-dimensional video motion capturing systems allowed the infant’s
natural movements to be viewed in real time. Both the equipment and expertise needed to
conduct this research are located in Little Rock, Arkansas. The trials were conducted using
technology in the Department of Orthopaedic Surgery’s High-Tech Gait and Motion Detection
Laboratory at the HipKnee Arkansas Foundation.
Electromyography Setup:
In order to determine which physical positions exhibit optimal muscle activity, the hip
muscles of a child during a variety of common positions were tracked using surface
electromyography (EMG). Placing electrodes on major points of interest allowed cameras to
capture the musculoskeletal actions of the subjects using a non-invasive biofeedback system. The
technique employed by the surface EMG (Delsys, Natick MA, USA) recorded muscle activity at
1000Hz of the bilateral gluteus medius, biceps femoris, quadriceps, and adductor muscle groups.
Using Surface EMG allowed the movement analysis of the infants to proceed with little
impedance, giving subjects access to a natural full range of motion.
Vicon Collection
Movement data was transcribed through marker-based motion capture (Vicon, Oxford,
UK) strategically located throughout the gait lab. The lower extremity motion of the infants was
documented throughout the same five 30- second conditions as previously stated: in a Pavlik
harness, in a Rhino cruiser, held in an inward-facing soft structured baby carrier (Boba, Inc.,
Boulder, CO, USA), and in a standard car seat.
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The Vicon camera systems can be designed around the requirements of the specific
project application. The infant musculoskeletal observation research is just one of the projects
ongoing at the HipKnee Arkansas Foundation, therefore the camera’s were set up to provide the
biggest square area of capture possible. The Vicon movement cameras incorporate into a
biomechanics software, Nexus, which was used for the analysis process. This software program
has been previously used for subjects with an atomical skeleton size of a full grown human.
However, the infant’s anatomical skeleton size is much more compact.
Therefore, the Nexus labeling system detected an increased amount of noise, and marker
confusion when automatically labeling the infant trials. In order to ensure accurate marker
labeling and gap filling and for the 30-second trials, frames had to be labeled individually. One
30-second trial is comprised of 3,000 frames. With each subject participating in 7-8 collection
trials, too much lab time was being utilized strictly to label the subjects. Since this study was
aimed at observing optimal muscle activity and ranges of motion in each of the five positions, it
was decided that only partial trial frames with the highest ranges of movement (abduction,
adduction, internal rotation, etc.) needed to be labeled. Additionally, the cameras were
repositioned along a smaller radius, in order to filter out white noise.
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Figure 4. The layout of the subject in comparison to the 10 Vicon collection cameras (left)
before and (right) after repositioning
These improved data collection and labeling techniques allowed the project to move onto the
data analysis phase much faster.

Data Analysis Methods
Since muscle activities monitored and recorded by the EMG machine occurred
simultaneously with the movement date, it was possible to synchronize the feedback received
from the two systems using the Vicon computer software [15]. The raw EMG data was
composed of both positive and negative sinusoids, as well as contaminated with noise from skin,
clothing movement, and electrocardiogram signals, therefore the mean prior to filtering was
close to 0mV. EMG waveforms were band-pass filtered using a 4th order Butterworth filter
between 35 Hz and 500 Hz, to reduce contamination from movement artifacts, electrocardiogram
signals [16], and high frequency noise [17]. Additionally, to eliminate the effects of 60 Hz signal
interference from nearby electronic sources, EMG waveforms were notch-filtered between 59.9
Hz and 60.1 Hz using a 4th order Butterworth filter. EMG waveforms were then full-wave
10

rectified, demeaned, and subjected to a low-pass 4th order Butterworth filter with a cutoff
frequency of 50 Hz to obtain the EMG envelope [18]. EMG data was rectified, filtered, and
normalized to the Pavlik harness condition using custom MATLAB code (MathWorks, Natick,
NJ, USA). Mean EMG signal and the percent time that muscles were active above the prone
threshold (two standard deviations above the mean EMG signal of prone) were then calculated.

Figure 5. Progression of EMG signals from noisy raw data to a smooth filtered running
average
Hip position was determined by using marker data to define local coordinate systems of
the hip and thigh segments, which were then used to calculate hip flexion, abduction and external
rotation via an XYZ Cardan rotation sequence. Paired t-tests were used to compare hip angles
and EMG in the baby carrier to the Pavlik harness condition (p<0.01). In order to define 3dimentional angles between two bodies, three markers are needed on each body of interest.
Marker data from each segment for the femur (greater trochanter, medial knee, and lateral
11

knee) and the pelvis (left and right ASIS and left and right PSIS) were used to define local
coordinate systems. Using the relationship between these local coordinate systems, a Cardan
rotation sequence and 3D rotation matrices, we were able to calculate the relative translational
and angular motion between the femur and pelvis for the alpha (flexion/extension), beta
(abduction/adduction) and gamma (internal/external rotation) angles.

Figure 6. Illustration of the coordinate system: for the pelvis (XYZ), the femur (xyz), and
the joint coordinate system (JCS) for the right hip [19]
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RESULTS AND DISCUSSION:
Hip flexion, abduction, and external rotation (N=17) were not found to be significantly
different in the baby carrier (Boba) when compared to the Pavlik harness (Fig. 4A). Lower limb
muscle activity (N=19) was not found to be significantly different in the Rhino cruiser, baby
carrier (Boba), or in arms conditions when compared to the Pavlik harness, both in mean muscle
activity (Fig. 4B) and in percent time above two standard deviations (Fig. 4C). However, having
the infant in a car seat resulted in approximately half of the mean muscle activity and four times
less active time compared to the Pavlik harness condition.

A)

B)

C)

Figure 6. Mean and standard error of A) Hip rotational angles, C) Mean EMG activity of
the lower limb muscle activity, and D) Percent time muscles are active above two standard
deviations above the reference (Pavlik) mean. [14]
In agreement with previous computational models, the Pavlik harness and Rhino cruiser
devices currently used to treat DDH in infants resulted in the highest levels of mean adductor
muscle activity, and are therefore acceptable devices to use for reducing infant hips. The inward
facing soft-structured infant baby carrier resulted in similar hip position and lower-extremity
muscle activity for the infants in this healthy cohort, indicating possible applications for use in
DDH populations. Contrarily, the infants were significantly less active in the car seat, which may
indicate that passive container-type infant devices do not promote active lower-extremity
muscles in healthy infants. Although carrying infants in arms exhibited similar levels of muscle
13

activity to the Pavlik harness, carrying position varied among parents observationally; some
infants were carried with hips flexed and abducted and some were not. Additionally, our hip
angle values for the Pavlik harness show agreement with the optimal 90° flexion and 80°
abduction position expected in the Pavlik harness [15]. Limitations of the study include a small
sample size, occasional non-compliant subjects, and a data collection length of only 30 seconds
per condition. Future work will include collection and analysis of 10 infants diagnosed with
DDH pre- and post-Pavlik Harness treatment, and 10 infants who exhibit some form of hip
instability and are under observation by their pediatric provider. Future methods that will be used
to improve our data quality collection consist of placing novel pressure mats in the Pavlik
harness foot piece in order to calculate infant hip joint loading forces. The results of these
studies will aid us in the design process of a caregiver baby-wearing device an active loading
mechanism for nighttime usage. As parents continue to use infant devices, further research needs
to be conducted on the musculoskeletal and biomechanical impact of infant positioning for both
DDH and healthy infants.

CONCLUSIONS:
While orthopaedic devices like the Pavlik harness are the gold-standard for closed reduction of
DDH in children under the age of 6 months, the biomechanical implications of placing infants in
these devices are relatively unknown. The similar hip position and lower extremity muscle
activity in a soft-structured baby carrier with M-positioning, when compared to the Pavlik
harness, may indicate a emotionally satisfying alternative mechanism to promote healthy hip
positioning and lower extremity muscle activity in the treatment of DDH.
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